I. INTRODUCTION

M
ICROWAVE filters are essential components of modern communication systems [1] . Microstrip hairpin resonators are widely used in multistage bandpass filters (BPFs) [2] . In contrast to traditional cross-coupled filters [3] , hairpin-resonator filters offer two transmission zeros lying on either sides of the passband, sharper cut-off frequencies and lower insertion losses. The design of hairpin-resonator filters with wider bandwidths involves reducing gap and strip widths of resonators in order to achieve stronger electromagnetic (EM) coupling. However, such an approach leads to a degradation of the filtering behavior, i.e., a lower and higher loss, and could result in difficulties in the fabrication process, i.e., requirement for increased precision with respect to gap/strip widths and conductor thickness. In this letter, we explore a -inverter topology [4] , [5] to estimate EM coupling strengths of different coupling structures. Based on the study, compact filters using interdigital capacitors and etched slots, with relatively stronger coupling are designed, fabricated and tested. It is shown that the bandwidths of these filters can be easily adjusted by changing the geometrical parameters of the interdigital capacitors and/or the etched slots. Fig. 1 , are considered. Fig. 1(a) shows an unbound end-to-end coupling gap with open-ends and , and Fig. 1(b) shows a nine-finger interdigital capacitor. The structure in Fig. 1(c) is identical to that in Fig. 1(b) except that it has a rectangular ground-plane aperture below the interdigital capacitor. Based on a short-open calibration scheme [4] , two-port coupled microstrip lines can be characterized by a -inverter network model [5] . In Fig. 1(d) , an equivalent -inverter network model for the coupling structures is presented. The physical structure is modeled as an equivalent -inverter network combined with two identical error terms . The error terms relate to the approximation of source excitation and inconsistency between 2-D and 3-D method of moments (MOM)-based impedance definitions [4] .
Specifically, the -inverter network consists of susceptance and two equivalent electrical line lengths 2 each). For a symmetrical two-port -inverter network [5] , we have (1) and (2) where is the characteristic admittance of each line, is the susceptance of the corresponding -parameter from simulation, and . Equations (1) and (2) allow transformation from an admittance -network to a -inverter topology [5] . Fig. 2 shows normalized values of for different coupling structures in the 1-8 GHz range. Clearly, varies nonlinearly with frequency , exhibiting frequency dispersion behavior. increases noticeably from the structure of Fig. 1(a) to the structures of Fig. 1(b) and (c), with the structure of Fig. 1(c) exhibiting largest . Since is directly proportional to coupling strength [6] , it can be inferred that coupling strength can be enhanced via use of interdigital capacitors and/or etched slots.
III. PROPOSED BPF STRCUTURES
A larger implies a stronger coupling or smaller external quality-factor of a resonator [6] . Motivated by this, we propose new BPFs based on the coupling structures of Section II. The 3 dB bandwidth of a filter can be expressed as 
A. Proposed BPF
Interdigital capacitors are used to substitute for the traditional gaps between hairpin resonators, thereby facilitating stronger coupling. As shown in Fig. 3(b) , two interdigital capacitors, each with 4 fingers, are used. In this structure, the width of the microstrip hairpin is 1 mm. The length and width of the fingers are 0.3 mm and 0.2 mm. Each gap between fingers is 0.2 mm where that of the traditional structure [see Fig. 3(a) ] is set to 0.13 mm (or 5 mil), which is the closest/smallest distance allowed by the fabrication process employed. Substrate thickness is Fig. 3(c) , compare the bandpass behaviors of the proposed and the traditional filters. Owing to a stronger coupling effect, the proposed filter exhibits a wider 3 dB bandwidth (602 MHz versus 375 MHz), while its remains unchanged at 6.5 GHz. For the proposed filter, an insertion loss of 0.41 dB at 6.49 GHz and a return loss 20 dB in the 6.34-6.61 GHz range are observed. It is possible to further widen the bandwidth of the proposed filter by increasing the number of fingers , while keeping fixed by slightly adjusting the lengths of the hairpin resonators. IE3D simulations of the proposed filter with different values of are performed and the results are illustrated in Fig. 4 . A summary of the simulation results is presented in Table I . Bandwidth increases with , while and locations of transmission zeros remain more or less unchanged. Changing from 0 (i.e., traditional gap) to 8 leads to an increase in 3 dB fractional bandwidth (FBW) from 5.8% to 15.5%, and a change in from 34.7 to 12.9, thus indicating a considerable degree of design flexibility. However, it may be difficult to design a filter with FBW 20%, using the proposed structure, since all line resonators are highly dependent on frequency [7] . 
B. Proposed BPF 2
To further improve the bandwidth, two rectangular slots are etched in the ground plane right below the four-finger interdigital capacitors as shown in Fig. 5(a) . As can be seen in Fig. 5(b) , increasing the width of the etched slots from 1.9 to 3.3 mm while keeping other geometrical parameters unchanged, results in an increase in 3 dB FBW from 17.4% to 22.7% and a change in from 11.5 to 8.8. It is to be noted that the simultaneous change (i.e., increase) in can be countered by slightly increasing alone. The proposed filters with etched slots offer a significant flexibility in terms of broadband filter design.
IV. FABRICATION AND MEASUREMENT
The proposed filters are fabricated on a process of 0.635 mm thick RT/duroid 6010.2 substrate with 10.2. The photograph and -parameters of the eight-finger BPF 1 are shown in Fig. 6 . Measurements are performed using an Agilent 8510C VNA. The filter has 6.5 GHz and 3 dB FBW 15.6%, which agree with IE3D simulations of Table I. A return loss 15 dB in the 6.02-6.44 GHz passband, and an insertion loss 1 dB in the 6.01-6.41 GHz range are observed. Fig. 7 shows a photograph and the measured/simulated -parameters of the fabricated four-finger BPF 2 with etched slots. The filter has 7 GHz and 3 dB FBW 23.1%. A return loss 15 dB in the 6.62-7.24 GHz passband and an insertion loss 1 dB in the 6.50-7.26 GHz range are observed. The discrepancies between measurements and simulations can be attributed to fabrication tolerances (considering high sensitivity of the ring resonators . and [8] ) and to some extent to calibration errors.
V. CONCLUSION
A general-purpose circuit model has been studied and applied to the estimation of EM couplings of different coupling struc- tures. Based on the study, two new microstrip filters employing interdigital capacitors and etched slots have been designed, fabricated, and tested. Both experiment results and EM simulations have shown that the proposed filters offer wider bandwidths compared to edge-coupled filters. The Bandwidths of the new filters can be adjusted by changing their geometrical parameters. It has also been shown that the proposed filers offer a considerable degree of design flexibility.
